This study investigated the influence of fiber size on the distribution of nuclei and fiber growth patterns in white muscle of black sea bass, Centropristis striata, ranging in body mass from 0.45 to 4840g. Nuclei were counted in 1m optical sections using confocal microscopy of DAPI-and Acridine-Orange-stained muscle fibers. Mean fiber diameter increased from 36±0.87m in the 0.45g fish to 280±5.47m in the 1885g fish. Growth beyond 2000g triggered the recruitment of smaller fibers, thus significantly reducing mean fiber diameter. Nuclei in the smaller fibers were exclusively subsarcolemmal (SS), whereas in larger fibers nuclei were more numerous and included intermyofibrillar (IM) nuclei. There was a significant effect of body mass on nuclear domain size (F118.71, d.f.3, P<0.0001), which increased to a maximum in fish of medium size (282-1885g) and then decreased in large fish (>2000g). Although an increase in the number of nuclei during fiber growth can help preserve the myonuclear domain, the appearance of IM nuclei during hypertrophic growth seems to be aimed at maintaining short effective diffusion distances for nuclear substrates and products. If only SS nuclei were present throughout growth, the diffusion distance would increase in proportion to the radius of the fibers. These observations are consistent with the hypothesis that changes in nuclear distribution and fiber growth patterns are mechanisms for avoiding diffusion limitation during animal growth.
INTRODUCTION
Cells are generally small (Prescott, 1956; Conlon and Raff, 1999) , and size limitation is thought to be due to diffusion constraints (Johnston, 2006; Kinsey et al., 2007; Kinsey et al., 2011) . Exceptions include skeletal muscle fibers, which are some of the largest cells found in the animal kingdom . In mammalian embryonic development, primordial muscle cells (myoblasts) fuse to form myotubes (Pizon et al., 2005) . Myotubes have striations, an axial core of pale cytoplasm and centrally located nuclei (Boyd, 1968) . When these cells attain complete transverse striations and their nuclei become located at the periphery they are considered muscle fibers (Boyd, 1968) , which are generally categorized by a variety of criteria including: fiber color (white, red or pink), myosin isoforms, metabolic capacity (oxidative versus glycolytic) and contractile rate (fast versus slow). The frequency and distribution of these various muscle fiber types have been reviewed by Sänger and Stoiber (Sänger and Stoiber, 2001 ) and Rowlerson and Veggetti (Rowlerson and Veggetti, 2001) . In fish, muscle fiber types tend to occur in discrete patterns with the majority of myotomal muscle consisting of fast-contracting white glycolytic fibers for burst swimming and slow-contracting red oxidative muscle fibers for cruising (Goldspink et al., 2001) .
These syncytial cells continue to grow by the fusion of satellite cells to the muscle fiber (Mauro, 1961; Moss and Leblond, 1970) . The nuclei of these fused satellite cells become attached to the sarcolemma and are therefore referred to as subsarcolemmal (SS). The resulting addition of nuclei increases the growth potential and synthetic capability of the muscle cell, allowing it to add more myofibrils and thus increase in size. This type of growth is termed hypertrophic growth. In fishes, red muscle fibers typically have relatively small diameters whereas most white fibers have larger diameters (Sänger and Stoiber, 2001) . As an alternative to growing through an increase of cell size, muscle tissue can grow by the addition of new muscle fibers, referred to as hyperplasic growth. In certain fishes, the continuous growth of existing muscle fibers occurs simultaneously with the appearance of new, smaller fibers, a phenomenon referred to as mosaic hyperplasia (Rowlerson and Veggetti, 2001; Johnston et al., 2004; Johnston, 2006) . Weatherley and Gill reported that, in rainbow trout up to 50cm in body length, most of the increase in anaerobic white muscle is due to recruitment of new fibers (hyperplasia), but beyond 50cm muscle growth is a result of increasing the diameter of existing fibers (hypertrophy) (Weatherley and Gill, 1981; Weatherley and Gill, 1987) .
In multi-nucleated muscle fibers it is thought that each nucleus services a volume of cytoplasm known as the myonuclear domain (MND) (Hall and Ralston, 1989) . It was once believed that, because the DNA content increased with cell size (Gregory, 2001) , there was a fixed cytoplasm to nucleus ratio. Recent studies, however, have demonstrated that MND size is not always constant (Allen et demonstrated variation in MND size along the length of muscle fibers and an increase in MND size with age (Rosser et al., 2002) . Furthermore, several studies have revealed a decrease in MND size with muscle wasting or atrophy (Allen et al., 1995; Allen et al., 1996; Ohira et al., 1999; Ohira et al., 2001; Bruusgaard and Gundersen, 2008; Gundersen and Bruusgaard, 2008) .
Early studies found that mRNA and large proteins remain close to the nuclei of origin while smaller, more soluble proteins can readily diffuse throughout the cell (Hall and Ralston, 1989; Pavlath et al., 1989; Russell and Dix, 1992) . These studies emphasized the significance of diffusion of nuclear products and how diffusion constraints may limit the range over which an individual nucleus can influence cellular processes. Because most of the increase in muscle tissue mass typically occurs by hypertrophy rather than hyperplasia, avoiding a metabolically limiting nuclear domain size requires increasing the number of nuclei with increasing fiber volume (Enesco and Puddy, 1964; Moss, 1968; Goldspink, 1964; Stickland et al., 1975; Weatherley et al., 1979; Weatherley and Gill, 1981; Weatherley and Gill, 1985; Allen et al., 1995; Allen et al., 1996; McCall et al., 1998; Roy et al., 1999) .
Although in embryonic mammals myonuclei are found in the interior portion of the muscle cell [intermyofibrillar (IM) nuclei] (Boyd, 1968; Rosser et al., 2002) , in post-embryonic mammals myonuclei generally have an exclusively SS distribution. IM nuclei are rare and usually associated with diseases (Bruusgaard et al., 2003; Ralston et al., 2006) . However, IM nuclei have also been reported in cases of extreme muscle fiber hypertrophy in humans (Kadi et al., 1999) , chickens (Rosser et al., 2002) and crustaceans (Hardy et al., 2009; Hardy et al., 2010) . Furthermore, in mature avian muscle, IM nuclei are normally present along with SS nuclei (George and Berger, 1966) .
The regulatory mechanisms that govern the location of nuclei are unresolved, but recent studies indicate that the anchoring and spacing of nuclei is controlled by binding between nuclear envelope membrane proteins and cytoskeletal elements (Apel et al., 2000; Bruusgaard et al., 2003; Bruusgaard et al., 2006; Grady et al., 2005; Starr, 2007; Gundersen and Bruusgaard, 2008; Starr, 2009) . Maximal intracellular diffusion distances within the MND have, in fact, been implicated in the control of SS nuclear distribution in mammalian muscle (Bruusgaard et al., 2003; Bruusgaard et al., 2006 ), although it is not possible to fully preserve both MND size and diffusion distances with exclusively SS nuclei. That is, as muscle fibers grow, the increase in SS nuclei due to satellite cell recruitment can promote a conservation of MND volume, but the maximal diffusion distances within that domain will increase with fiber size, being essentially equal to the radius of the fiber (Fig.1A,B) .
Most studies of muscle growth have examined mammalian muscle cells that have maximal diameters of <100m. In contrast, many teleost fishes have post-embryonic increases in body mass that span several orders of magnitude, and when this is coupled to hypertrophic growth, anaerobic white muscle fibers from adult animals may have diameters exceeding 400m (Battram and Johnston, 1991; Johnston, 2006; Nyack et al., 2007) . Thus, intracellular diffusion distances in fish anaerobic white muscle increase dramatically during animal growth.
Crustaceans also undergo an extreme increase in body mass and white muscle fiber size during growth, and the increase in fiber diameter is associated with a shift in the distribution of both mitochondria and nuclei (Boyle et al., 2003; Hardy et al., 2009; Hardy et al., 2010) . As the muscle fiber diameter in crabs increases and exceeds a certain size, mitochondria change their distribution from being evenly distributed across the cell to being restricted to the SS region in large cells. This was interpreted as being a response to oxygen diffusion constraints (Boyle et al., 2003; Hardy et al., 2009 ). An opposing pattern has been seen with nuclei, which are not directly dependent on oxygen. Their distribution was found to shift from being exclusively SS in small, white muscle fibers to being evenly distributed across large fibers (Hardy et al., 2009) . Using reaction-diffusion mathematical models, Hardy et al. demonstrated that rates of both mitochondrial and nuclear processes would be much slower in the large fibers if not for these shifts in organelle distribution, further implying that diffusion influences both mitochondrial and nuclear positioning (Hardy et al., 2009 ). Mitochondrial and nuclear distributions have since been found to be dependent on fiber size in both anaerobic and aerobic fibers in a number of species of crustaceans (Hardy et al., 2010) . The addition of SS nuclei contributes to reducing the MND size, but in the absence of IM nuclei, the maximal diffusion distance for SS nuclei is still equal to the radius of the fiber (Fig.1B) , which would be >100m in the largest fibers of fishes and crustaceans. However, the appearance of IM nuclei as fibers increase in diameter would greatly reduce the maximal diffusion distance for nuclear products (Fig.1C ) (Hardy et al., 2009; Hardy et al., 2010) .
Black sea bass, Centropristis striata (Linnaeus 1758), have white muscle fibers that also undergo extreme hypertrophic growth that is comparable to that seen in crustaceans. In fact, previously reported reaction-diffusion mathematical modeling of aerobic metabolism suggested that anaerobic white muscle fibers in adults of this species are near the brink of diffusion limitation Locke and Kinsey, 2008) . Furthermore, Nyack et al. found an ontogenetic shift in mitochondrial distribution in black sea bass anaerobic white muscle fibers that was similar to that observed in crustaceans (Nyack et al., 2007) . The present study was designed to determine whether black sea bass anaerobic white muscle fibers also undergo a change in nuclear distribution during hypertrophic growth.
MATERIALS AND METHODS

Animal maintenance
Black sea bass ranging from 0.45 to 4840g (N35) in body mass were obtained from the University of North Carolina Wilmington (UNCW) Aquaculture Facility (Wrightsville Beach, NC, USA) and wild fish were provided by Dr F. S. Scharf (UNCW). Fish were maintained and processed according to UNCW Institutional Animal Care and Use Committee standards. For ontogenetic comparison of nuclear distribution 16 fish were used, and for growth rate comparison 22 fish were used (three of these fish were the same for both studies). 
Dissection
Animals were anesthetized with tricaine methanesulfonate (MS-222; Argent Laboratories, Redmond, WA, USA) diluted in filtered seawater to <1000mgl -1 . Fish body mass and total length were recorded and anesthetized animals were killed via decapitation. Scales were removed from the dorsolateral surface and a rectangular section of skin parallel to the dorsal fin was cut and peeled away. Small, rectangular pieces of epaxial white muscle were excised from the frontal region parallel to the fiber's longaxis orientation and fixed for 24h in 4% paraformaldehyde in Sörensen's phosphate buffered saline (PBS), pH7.4. To determine fiber type, frozen sections of fresh unfixed tissue were stained for succinate dehydrogenase (Presnell and Schreibman, 1997; Hardy et al., 2010) and myosin ATPase (Hermanson and Hurley, 1990; Dearolf et al., 2000; Etnier et al., 2004 ) (data not shown). Both stains confirmed that all the fibers were anaerobic, fast glycolytic white fibers. To confirm the presence of IM nuclei, teased fibers were fixed in 2.5% glutaraldehyde and 1.5% paraformaldehyde in PBS and processed for transmission electron microscopy (TEM) using the protocol from Nyack et al. (Nyack et al., 2007) . We also sampled two cohorts of fish of the same age (~500days old) but of different body mass, thereby allowing for comparisons between fish with fast (N10; mean body mass357g) and slow (N10; mean body mass90g) growth rates. Additionally, we obtained fish from the same cohort of slow-growing fish 100days later (N2; mean body mass282g, age600days old), allowing for a comparison of fish of similar body size but of different ages.
Sectioning and staining
Fixed tissue destined for frozen sectioning was rinsed in a 5% sucrose solution followed by overnight infiltration in 30% sucrose. Tissue was trimmed, embedded in Tissue-Tek optimum cutting temperature compound (Sakura Finetek Inc., Torrance, CA, USA) and frozen for 20-40s in isopentane (2-methylbutane; Fisher Scientific, Pittsburgh, PA, USA) cooled with liquid nitrogen. Frozen tissue was sectioned at 30m at -19°C with a Reichert-Jung Cryocut 1800 cryostat (Leica Microsystems Inc., Bannockburn, IL, USA). Sections were placed on Superfrost PLUS slides (Fischer Scientific, Pittsburgh, PA, USA) and allowed to air dry for ~15min. A systematic random sampling method (Howard and Reed, 1998 ) was used to ensure accurate representation of the nuclear distribution across the entire length of the fiber.
Sections were rinsed for 5min in deionized (DI) water, incubated for 5min in 0.001% Acridine Orange (Sigma, St Louis, MO, USA) in DI water at pH4.0 to label the myofilaments in fibers, rinsed for 5min in PBS, incubated for 15min in 300nmoll -1 4Ј,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR, USA) in PBS to label the nuclei, and then rinsed for 15min in PBS. Coverslips were then mounted using 1:9 tris:glycerol.
Imaging and measurements
Sections were examined with an Olympus FV1000 laser scanning confocal microscope (Olympus, Center Valley, PA, USA). Optical slices 1m thick were simultaneously collected on three channels: one for the 405nm (DAPI) signal, one for the 488nm (Acridine Orange) signal and one for the differential interference contrast (DIC) signal. Stacks of 20-25 images of fiber cross sections were collected and viewed using Olympus Fluoview v1.6a software. Nuclei from complete fibers (~100 fibers per fish) were classified as either SS, if they were intracellular, surrounded by myofibrils and in direct contact with the sarcolemma, or IM, if they were not in contact with the sarcolemma throughout the stack. Using our criteria, SS nuclei could be distinguished from satellite cells and connective tissue cells all but 0.25% of the time. Acridine Orange, which stained myofibrils, assisted in identification of intracellular versus extracellular nuclei because intracellular nuclei were at least partially surrounded by myofibrils (Fig.2A) . Furthermore, the DIC images collected simultaneously helped delineate the fiber boundary. Acridine Orange has been shown to provide good contrast between cytoplasm and fluorescently labeled nuclei in whole (isolated) muscle cells (Allen et al., 1996; Allen et al., 1999; Ohira et al., 1999; Roy et al., 1999) and the same was found to be true for tissue sections. In addition, the morphology of each nucleus helped determine whether a peripherally located nucleus was truly SS. Nuclei with a thin, spindle-shape morphology tended to be extracellular ( Fig.2B ) whereas SS nuclei tended to be more rod shaped (Fig.2C) , as confirmed by TEM. Finally, if the exact location of the nucleus could not be determined, a classification was systematically assigned. The fiber was divided into four quadrants, and nuclei that were not completely surrounded by Acridine Orange and appeared to be intracellular on the DIC channel were classified based on their quadrant as either intracellular or extracellular, thus randomizing the error to prevent systematic bias. Fiber ends (adjacent to myosepta) and obviously damaged areas of muscle were also excluded from analysis. These above criteria were used to differentiate SS nuclei from satellite cells despite the fact that satellite cells have been reported to represent only 1-5% of all myonuclei (Edgerton and Roy, 1991; Rosser et al., 2002; Liu et al., 2008) . Furthermore, Battram and Johnston found that satellite cells were extremely rare in muscle from an Antarctic teleost fish (Notothenia neglecta), suggesting that this may not be a major source of error in fish muscle (Battram and Johnston, 1991) . TEM was also used to confirm that DAPIstained organelles in the interior of the cell (see below) were IM nuclei (Fig.2D) .
Images of muscle fibers were outlined with an Intuos 3 tablet (Wacom Co., Ltd, Vancouver, WA, USA) in Adobe Photoshop (version 7.0; Adobe Systems Inc., San Jose, CA, USA) and resulting polygons were analyzed with ImagePro Plus (v. 6.1.0.346; Media Cybernetics Inc., Bethesda, MD, USA) to determine their crosssectional area (CSA), perimeter and mean diameter. The mean diameter was determined by taking the mean of the distances across the cell through the centroid in 2deg increments around the perimeter of the cell.
Myonuclei per millimeter of fiber, myonuclear domain and nuclear density
To calculate the number of myonuclei per millimeter of fiber (X), we used the formula of Schmalbruch and Hellhammer (Schmalbruch and Hellhammer, 1977) :
where N is the number of myonuclei in a fiber cross-section, L is the desired length of segment, d is the thickness of the section and l is the mean length of a muscle nucleus. L was set at 1000m. The optical thickness of each image was used as d (1m) and l was calculated from longitudinal sections for each individual class size. From this X-value we calculated the volume of cytoplasm per myonucleus (myonuclear domain) (Y):
where C is the CSA of the muscle fiber, L is the length of the fiber segment to be considered (1000m) and X is the number of myonuclei per millimeter of fiber determined from Eqn 1. Nuclear density (number of nuclei per m 3 of fiber) was calculated as the reciprocal of myonuclear domain (1/Y).
Myonuclear length
To determine the length of myonuclei, longitudinal sections (stained in the same manner as the cross sections) were used. The length of myonuclei was measured for fish weighing 4, 30, 310, 1885 and 3200g. Between 68 and 99 nuclei were measured per fish. The lowest nuclear length was 9.39±2.78m for fish with a body mass of 3200g, and the highest nuclear length was 13.02±2.81m for fish with a body mass of 4 g. A slight but significant negative linear relationship was found; therefore, we used the equation L n 11.92-0.00091M b (r 2 0.11, P<0.0001), where L n is nuclear length and M b is body mass, to calculate nuclear lengths for the other fish rather than using a grand mean value. In the same manner, cross sections were used to determine the mean diameter of myonuclei. Between 103 and 119 nuclei were measured per fish. A slight but significant positive linear relationship was found (nuclear diameter3.94+0.00061M b ) (r 2 0.39; P<0.0001). Together these results indicate that nuclei in juvenile fish were longer and narrower than in adults.
Statistical analysis
All statistical analyses were performed using JMP 7.0.7 (SAS Institute, Cary, NC, USA). ANOVA was used to test for group effects and, where differences were detected, t-tests were used to make pairwise comparisons of the means. Bartlett's test was used to assess differences between variances (Zar, 1999) . Linear regression analysis was used to evaluate continuous data. A nonlinear model was used to evaluate the relationship of cell diameter to body mass, in which the line is defined by the dependence of the diameter of cylindrical muscle fibers on body mass, assuming hypertrophic muscle growth (M b 1/3 ϫb 1 ), where b 1 is a regression coefficient. P<0.05 was considered significant in all cases. For ease of visualization of plots of fiber size, myonuclear domain and number volume by body size, animals were grouped in four classes according to body mass: extra small (0.4-4g), small (30-114.33g), medium (279-1885g) and large (2258-4840g).
RESULTS
Body mass and fiber diameter
There was a significant positive relationship between body mass and mean fiber diameter (ANOVA, F167.78, d.f.15, P<0.0001) . Figs3-5 demonstrate that the increase in muscle mass in smaller fish occurred via hypertrophic fiber growth. Hypertrophic growth and a relatively uniform fiber diameter are illustrated in Fig.3A -E, whereas a notable difference in fiber diameter can be seen in Fig.3F , indicating that the addition of smaller fibers is occurring in large fish. As black sea bass increased in body size, mean muscle cell diameter proportionally increased from 36±0.87m in the 0.45g fish to 280±5.47m in the 1885g fish (Fig.4) . Fig.4 also demonstrates that the frequencies of fiber diameters approached a bimodal distribution in fish ranging from 2691 to 4840g, indicating the addition of small fibers (<100m in diameter) or the splitting of larger fibers. This resulted in a significant increase in fiber size variation in fish from the large size class (Bartlett's test, F101.59, d.f.15, P<0.0001). It also resulted in a decrease in the mean fiber diameter as fish increased in body mass from 1885 to 2258g (Fig.4) . Fig.5 shows that mean fiber diameter initially increased with increasing body mass as predicted for a cylindrical fiber (M b 1/3 ϫb 1 ) until reaching 1885g (within the medium size class). Fitting the fiber growth curve to the first three size classes (M b <1885g), where growth occurs through hypertrophy only, yields a predicted fiber size that compares well to experimental data (r.m.s.e.41.68, b 1 17.41) (Fig.5) . However, mean fiber diameters of the fish in the large size class with body mass >2258g fall below the projected hypertrophic growth line and have increased variance due to the onset of either fiber splitting or hyperplasia.
Examination of fiber diameters of age-versus size-matched fish indicated that mass, not age, determines fiber diameter (Fig.6) . The mean fiber diameter for white muscle fibers of slow-growing fish with a mean mass of 90g was significantly lower than that of white muscle fibers of slow-growing fish with a mean mass of 282g and fast-growing fish with a mean mass of 357g (ANOVA, F23.61, d.f.2, P<0.0001).
Myonuclear domain size and nuclear distribution Fig.3A -E also illustrates that nuclei are almost exclusively SS in the small fibers of juvenile fish (<120m), whereas IM nuclei become obvious in the largest fibers (Fig.3F) . Myonuclear domain calculations depend on the length of the nuclei; therefore, ~100 (Fig.8) , as would be expected if some fibers continue to grow hypertrophically. However, mean MND size increased to a maximum in fish of medium size (279-1885g) and then decreased in large fish (>2000g) (Fig.8 ). This pattern resulted from an increase in the density of both IM and SS nuclei in larger fish. The increase in SS nuclear density in the larger fish was primarily the result of a proliferation of small fibers that have less cytoplasmic volume, whereas the appearance of numerous IM nuclei coupled with hyperplasia/fiber splitting lowered the domain size in the largest cells. In agreement with the fiber diameter data, the MND size seems to be correlated with fish mass and not age (Fig.6 ). Myonuclear domain was not different for fish with a mean mass of 282 or 357g but was significantly smaller for fish with a mean mass of 90g (ANOVA, F125.46, d.f.2, P<0.0001).
The most remarkable finding in this study was that IM nuclei appeared in fibers with diameters greater than ~120m. In addition, the IM nuclei of large anaerobic white muscle fibers of black sea bass were not as evenly distributed nor as numerous as in the largest anaerobic white muscle fibers of the blue crab (Hardy et al., 2009 ). IM nuclei were either randomly distributed or arranged in a ring pattern (asterisk in Fig.3F ).
DISCUSSION
The present study demonstrates that as anaerobic white muscle fibers from black sea bass undergo extreme hypertrophic growth they seem to reach a size beyond which myonuclei of large fibers change their distribution and IM nuclei become abundant. There appears to be a threshold (mean fiber diameter of ~120m) beyond which SS nuclei are apparently unable to adequately service the entire MND, leading to the appearance of IM nuclei. Our observations also suggest that after black sea bass reach a critical mass (>2000g), new small diameter fibers are formed. However, it is not known whether the small fibers that appear in large fish are the result of fiber splitting or mosaic hyperplasia. Consequently, the black sea bass white muscle fibers are similar to crustacean white muscle fibers (Hardy et al., 2009; Hardy et al., 2010) in that the distribution of nuclei changes with ontogeny. Furthermore, the MND increased during hypertrophic muscle growth and then decreased in the largest fish because of a combination of proliferation of SS and IM nuclei and the appearance of smaller fibers. We propose that these structural alterations in adult animals are consistent with a response to diffusion constraints, and that it is the maximal diffusion distances within the MND, and not the MND size per se, that is restrictive and leads to the appearance of IM nuclei in this model of extreme hypertrophic growth.
We found a significant positive relationship between body mass and mean fiber diameter, which is consistent with previous studies (Goldspink, 1964; Stickland et al., 1975; Weatherley et al., 1979; Weatherley and Gill, 1981; Weatherley and Gill, 1985; Johnston, 2006) . Our observation that an increase in the variability of fiber size and a decrease in the mean fiber diameter in the largest black Fig.3 . Anaerobic white muscle fiber cross sections from black sea bass with body masses of 0.45g (A), 4g (B), 30g (C), 310g (D), 1885g (E) and 3200g (F) with DAPI-stained nuclei and Acridine-Orange-stained fiber cytoplasm. Note that fibers from smaller fish grew hypertrophically into larger fibers, and hyperplasia (appearance of new, smaller fibers) and/or fiber splitting was observed in the largest size classes (arrow in F). Changes in nuclear distribution were also apparent. Fibers from juvenile fish (A-D) contained low numbers of almost exclusively SS nuclei, whereas as the fish and muscle fibers grew, numbers of IM nuclei increased (arrowheads in E,F). Scale bar, 100m. sea bass individuals (Figs3-5), as a result of both small fiber formation (hyperplasia or fiber splitting) and continued growth of older fibers (hypertrophy), is a rare demonstration that both can be important in the adult stages of fish. Mosaic hyperplasia, the formation of new muscle fibers amongst old fibers, is typically seen in anaerobic white muscle but is the primary mechanism for increasing muscle fiber number during growth in juveniles and young adults in most species of teleost fishes (Weatherley and Gill, 1981; Weatherley and Gill, 1987; Rowlerson and Veggetti, 2001; Johnston, 2006; Johnston et al., 2004) . Hyperplasia is typically found to cease when fish reach ~44% of the final length, after which growth occurs by hypertrophy only (Weatherley et al., 1979; Weatherley and Gill, 1981; Weatherley and Gill, 1985; Weatherley and Gill, 1987; Weatherley, 1990) . It should be noted that Zimmerman and Lowery reported hyperplasia in large white sea bass that had attained 61% of the maximum length for that species (Zimmerman and Lowery, 1999) . However, in that study hyperplasia was observed in all size classes of fish, with a decrease in the percent of fibers displaying hyperplasia as the fish attained larger sizes (e.g. <1% in the largest specimen measuring 91.8cm). In contrast, the present study found that black sea bass larger than 2000g displayed both large-and small-diameter fibers. In our study, hyperplasia seemed to have ceased before fish had reached 1885g, but then small fibers reappeared in fish larger than 2000g. In adult fish, the appearance of small fibers can result from cell splitting, where portions of large fibers break off to form new fibers (Koumans and Akster, 1995) , or from myogenesis from the fusion of muscle precursor cells (satellite cells) (Anderson, 2006) . In the present study we were not able to determine whether the small fibers observed in extremely large fish were the result of fiber splitting or hyperplasia. According to Johnston, maximum fiber diameters in fishes, and therefore the extent and timing of mosaic hyperplasia, are thought to be determined by body size, activity levels and limits to the diffusion of metabolites and macromolecules (Johnston, 2006) .
Results from this study's comparison of fast-and slow-growing fish are in accordance with the literature (Goldspink, 1964; Stickland et al., 1975; Weatherley et al., 1979; Weatherley and Gill, 1981; Weatherley and Gill, 1985; Johnston, 2006 ) insofar as they indicated that fiber size correlates with fish total body mass and not with age. This is also consistent with the findings of Johnston et al., who observed that the cessation of fiber recruitment (mosaic hyperplasia) in Arctic char was body-length dependent and not age dependent (Johnston et al., 2004) .
Johnston et al. speculated that the benefit of having fibers as large as possible was to minimize fiber surface area and therefore decrease the cost of maintaining the membrane potential (Johnston et al., 2004) . Black sea bass anaerobic white muscle fibers are <50m in diameter in juveniles, but can exceed 400m in diameter in adults (Nyack et al., 2007) . As the fibers increased in size, Nyack et al. found that mitochondria shifted from a largely IM distribution to a nearly exclusively SS distribution (Nyack et al., 2007) . The authors concluded that this was in response to the need to maintain short diffusion distances for O 2 at the expense of relatively long diffusion distances for small mitochondrial substrates and products, such as ADP and ATP. Similarly, in blue crab swimming muscle, small fibers (<120m) have IM mitochondria, whereas in large fibers (>120m) the mitochondria are almost exclusively SS (Boyle et al., 2003; Hardy et al., 2009) . A reaction-diffusion mathematical model indicated that this change in distribution of mitochondria was necessary to support the observed rates of aerobic metabolism in adult animals (Hardy et al., 2009 ). However, in the same study the authors observed the opposite pattern shift for the distribution of nuclei in the blue crabs, where the nuclei were SS in small fibers and IM in large fibers. Nuclei have no direct need for O 2 , and their function is dependent on the relatively slow diffusion of large nuclear products. Reaction-diffusion analyses predicted that if nuclear distribution had not changed, the rates of nuclear processes would have to have been reduced by three orders of magnitude (Hardy et al., 2009 ). Thus, mitochondria and nuclei respond differently to changing diffusion distances, and ontogenetic shifts in organelle distribution during extreme hypertrophic growth may help reveal underlying diffusion constraints that dictate basic muscle design and function. Although we did not directly measure diffusion of large molecules or nuclear products in the present study, the redistribution of nuclei we observed in larger fibers was consistent with the concept of diffusion constraints influencing fiber design Locke and Kinsey, 2008; Kinsey et al., 2011) . In muscle fibers, nuclei supply the mRNA required for the formation of myofilaments and other proteins. Thus, if the repair of myofibrils is necessary in large fibers, having centrally located nuclei would allow for timely movement of mRNA to the regions requiring repair, assuming that proteins are synthesized at the site of replacement, as suggested by Briggs et al. (Briggs et al., 1995) . If only SS nuclei were present in extremely large fibers, the periphery of the fibers would have easy access to mRNA and proteins, but the center of the fiber would have a significantly delayed or diminished supply of the nuclear products necessary to carry out protein synthesis and repair.
In agreement with the more recent literature, myonuclear domain was not conserved across all developmental sizes during extreme hypertrophic growth of black sea bass in the present study. Prior studies of mammalian muscle have used growth hormone (McCall et al., 1998) or exercise (Allen et al., 1995; Roy et al., 1999) to induce modest hypertrophy. McCall et al. found a linear relationship between fiber CSA and myonuclear number, but the hypertrophic fibers observed were only 38% larger than the control fibers (McCall et al., 1998) . This is in striking contrast to the 27-fold increase in mean CSA observed in fibers from the smallest and largest black sea bass in the present study. Recent studies have shown that MND size does vary with hypertrophic growth, as well as with muscle atrophy (Allen et al., 1995; Allen et al., 1996; Ohira et al., 1999; Ohira et al., 2001; Rosser et al., 2002; Wada et al., 2003; Bruusgaard et al., 2006; Bruusgaard and Gundersen, 2008; Gundersen and Bruusgaard, 2008; Liu et al., 2008) . Rosser et al. found that MND size increased during development in chick muscle, which undergoes a relatively large increase in fiber size (~14-fold increase in CSA) during muscle growth (Rosser et al., 2002) . The authors observed smaller MNDs at the terminal tips of maturing chicken pectoralis muscle fibers (Rosser et al., 2002) , which are the sites of longitudinal growth according to Swatland (Swatland, 1994) and Zhang and McLennan (Zhang and McLennan, 1995) . Rosser et al. also hypothesized that this may correlate with the need for greater protein synthesis at these growing tips of muscle (Rosser et al., 2002) . In the blue crab, another animal with anaerobic white muscle fibers that undergo extreme hypertrophic growth, MND was conserved between juveniles and adults (Hardy et al., 2009) . It must be noted that animals of intermediate size were not used in that study, only small juveniles and very large adults. In the present study, the domain increased from the smallest to the medium size classes of fish and then decreased slightly, but significantly, in the largest size class (N5). The reduced mean MND in the largest fish (N5) was due in part to the increased frequency of small fibers that have a smaller MND. However, the MND reduction also coincided with an increased frequency of IM nuclei. Because the calculation of MND is based on cell volume divided by total nuclei, either increasing nuclei numbers (both SS and IM) or decreasing the mean volume of a cell could reduce the MND. It is likely that both contributed to this decrease in black sea bass.
Most studies on MND during animal growth in a single species found no difference in nuclear length with body mass (Galavazi and Szirmai, 1971; Manta et al., 1987; Matthew and Moore, 1987; Rosser et al., 2002) . Rosser et al. found that throughout chicken development, from neonatal to adult, myonuclei had very similar mean lengths (Rosser et al., 2002) . In contrast, our study found a slight negative linear relationship between mean myonuclear length and body mass, although we do not have an obvious explanation for this pattern. Because we also found a slight but significant positive linear relationship between nuclear mean cross-sectional diameter and body mass, it appears that there are changes in nuclear shape during the very large (four orders of magnitude) increase in body mass that occurs in this species, although the functional advantage of such a change, if any, is unclear.
The distribution of nuclei in anaerobic white fibers changes markedly over the lifespan of black sea bass, with juvenile fish having small diameter fibers and low numbers of almost exclusively SS nuclei (Fig.3A-C) , whereas in the largest fibers, high numbers of IM nuclei were seen and relatively low numbers of SS nuclei were present. The 1885 g fish was the smallest animal that had numerous fibers with IM nuclei. Thus, there appears to be a threshold (mean diameter of ~120m) beyond which SS nuclei are unable to carry out cellular processes, thereby leading to the appearance of IM nuclei. As fibers grow their diameters increase, and if only SS nuclei were present in large fibers, the maximal diffusion distance would be the radius of the fiber. When both SS and IM nuclei are present, the maximal diffusion distance is reduced; it is no longer the radius of the fiber, but rather a smaller distance between each nucleus and the boundary of its domain. Additionally, the observation that mosaic hyperplasia in black sea bass follows the proliferation of IM nuclei supports the notion that diffusion constraints may also trigger the formation of new fibers .
Although the 120m fiber diameter threshold for nuclear distribution changes is an approximation, the non-linear relationship between diffusion distance and diffusion time suggests that this is a reasonable estimate. The one-dimensional root mean square displacement of a molecule () can be calculated as √2Dt, where D is the diffusion coefficient and t is the diffusion time. If we assume a D of 1ϫ10 -7 cm 2 s -1 for a typical macromolecule in a muscle fiber, then it will take 40s for this molecule to diffuse across the MND of a 40-m fiber from a juvenile fish with SS nuclei. As the fiber grows to a diameter of 120m, the diffusion time increases to 360s, 320s longer than in the juvenile. However, if the fibers were to continue to grow hypertrophically while having only SS nuclei, it would take more than 37min for that same macromolecule to diffuse across the MND in an adult fiber with a diameter of 300m. The appearance of IM nuclei as fibers exceed ~120m is therefore not surprising, as it reduces the diffusion distances within the MND and preserves relatively short diffusion times for nuclear products.
The presence of IM nuclei in large muscle cells and relatively low numbers of SS nuclei represent a pronounced deviation from the typical arrangement in adult mammalian skeletal muscle, where myonuclei are normally found only at the fiber periphery (Bruusgaard et al., 2003; Bruusgaard et al., 2006) . This may be because the average mammalian skeletal muscle fiber diameter is <100m and therefore is not diffusion limited.
In contrast to the uniform pattern of IM nuclei seen in large white muscle fibers of blue crabs (Hardy et al., 2009) , the IM nuclei of black sea bass had two distinct patterns: random (non-uniform) and arranged in a circular array. We suspect that the random distribution of IM nuclei arose from the release of individual SS nuclei from the sarcolemma, but not from the existing cytoskeletal elements present in the muscle fiber (microtubules). This would result in randomly distributed myonuclei in the middle of the fiber with new myofilaments being added around and peripheral to them. Alternatively, the circular pattern may be the result of a single 'event' that released multiple SS nuclei from the sarcolemma simultaneously. It is improbable that SS nuclei were moved or actively transported towards the center of the fiber as there are many physical barriers inside a muscle cell, such as densely packed myofibrils, mitochondria and cytoskeletal elements (Luby-Phelps, 2000; Kinsey et al., 2011) . We are currently investigating the distribution and ultrastructure of the microtubule network in the anaerobic white muscle fibers of black sea bass because microtubule networks have been shown to surround nuclei in muscle fibers (Rahkila et al., 1997; Bugnard et al., 2005; Bruusgaard et al., 2006; Scholz et al., 2008) .
The fact that nuclear distribution and, by extension, MND are regulated during hypertrophic growth in muscle suggests that there is an underlying mechanism governing nuclear spacing. Bruusgaard et al. (Bruusgaard et al., 2003; Bruusgaard et al., 2006) have shown that the SS distribution of nuclei in mammalian muscle is not random, and that nuclei appear to be equidistantly spaced from each other, with the exception of neuromuscular junctions, where several nuclei are anchored in close proximity to each other (Apel et al., 2000; Grady et al., 2005) . Additionally, it has been proposed that diffusion of activating and/or inhibiting molecules may allow a nucleus to 'sense' the proximity of adjacent nuclei, which would permit the control of nuclear distribution (Bruusgaard et al., 2003) . It is known that nuclei, including myonuclei, are anchored to cytoskeletal elements as well as to the cell membrane (Apel et al., 2000; Grady et al., 2005; Starr, 2007; Starr, 2009) . However, the existence of IM nuclei observed in crustaceans and fish means that a mechanism for spacing and anchoring those nuclei must be extended to the interior of the muscle fiber.
Finally, our documentation of the existence of IM nuclei in large anaerobic white fibers of black sea bass is important because these IM nuclei have the effect of simultaneously reducing the MND while also decreasing the effective diffusion distance for nuclear substrates and products. Increased numbers of SS nuclei alone could accomplish the former but not the latter because the maximal diffusion distance for SS nuclei would still be the radius of the muscle cell. These changes in muscle structure and growth observed here appear to be part of a suite of responses aimed at reducing possible diffusion constraints on metabolism during hypertrophic fiber growth. By keeping diffusion distances within certain limits, the control of metabolic fluxes will continue to be dictated by the rates of reactions and not by diffusion. 
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